Introduction
The transduction of intracellular signaling events is highly coordinated and often uses scaffolding proteins to control enzymatic modifications. A-kinase anchoring proteins (AKAPs) are a class of scaffolding proteins that were initially characterized to target the type II regulatory subunit of protein kinase A (PKA) to the membranes of cells and intracellular organelles (Carr et al., 1991; Dell'Acqua and Scott, 1997) . Recently, AKAP79/150 (AKAP79 is the human ortholog, AKAP150 is the rodent ortholog) has been characterized to associate with other kinases and phosphatases, including PKC and protein phosphatase 2B (PP2B)/calcineurin (Coghlan et al., 1995; Klauck et al., 1996) , as well as with several neuronal receptors and channels. Transient receptor potential family V type 1 (TRPV1) is a receptor that is regulated by its association with AKAP150 (Rathee et al., 2002; Jeske et al., 2008 Jeske et al., , 2009 Schnizler et al., 2008; Zhang et al., 2008) . AKAP150 association with TRPV1 sensitizes nociceptive neurons in vivo (Por et al., 2010) .
TRPV1 is an ionotropic, calcium-permeable channel that belongs to a larger family of ligand-gated TRP channels that respond to multiple environmental stimuli. TRPV1 is primarily expressed in primary afferent terminals of c-type nociceptive fibers (Kobayashi et al., 2005) , and is activated following exposure to capsaicin and heat (temperature Ͼ42°C) (Caterina et al., 1997) ; protons, pH Ͻ 5.9 (Tominaga et al., 1998) ; lipids (Patwardhan et al., 2010) ; and certain cannabinoids (Ross et al., 2001; Price et al., 2004) . In situations of injury or inflammation, circulating molecules and neuropeptides sensitize TRPV1 through the activation of signaling pathways that phosphorylate the receptor, including PKA (Bhave et al., 2002; Mohapatra and Nau, 2003) and PKC (Premkumar and Ahern, 2000; Bhave et al., 2003) . Other post-translational modifications that affect TRPV1 activity include phosphorylation by CaMKII (Jung et al., 2004) as well as dephosphorylation by calcineurin/PP2B (Mohapatra and Nau, 2005) . Although the outcomes of these enzymatic events on TRPV1 activity are generally well accepted, the effects of other post-translational modifications are less understood.
The acidic phospholipid phosphatidylinositol-4,5-bisphosphate (PIP 2 ) is reported to both sensitize and inhibit TRPV1. The exogenous application of PIP 2 to excised patches activates TRPV1 (Stein et al., 2006) , while phosphoinositide removal by poly-Lys application inhibits TRPV1 (Lukacs et al., 2007) . In contrast, activation of TRPV1 following the application of capsaicin at low concentrations was sensitized by PIP 2 degradation in a whole-cell environment (Lukacs et al., 2007) . In agreement with this, Prescott and Julius (2003) presented a model of PIP 2 -mediated inhibition of TRPV1 activity, via direct association of the phosphoinositide with the C terminus of TRPV1. Together with other reports, PIP 2 regulates TRPV1 activity through both direct and indirect mechanisms. In the present study, we provide evidentiary support for the hypothesis that PIP 2 degradation drives AKAP150 association with TRPV1, positively modulating receptor/channel activity.
Materials and Methods
Tissue culture. All procedures using animals were approved by the Institutional Animal Care and Use Committee of The University of Texas Health Science Center at San Antonio and were conducted in accordance with policies for the ethical treatment of animals established by the National Institutes of Health (NIH). Trigeminal ganglia (TG) were cultured from male rats as previously described (Jeske et al., 2006) . Cultures were maintained at 37°C, 5% CO 2 , and grown for 5-7 d for coimmunoprecipitation experiments, and 1-2 d for calcium imaging and electrophysiology experiments. Chinese hamster ovary (CHO) cells were used for heterologous expression of cDNA constructs. CHO cells were maintained in DMEM medium with 10% fetal bovine serum (Invitrogen ) and 1% penicillin/streptomycin (Invitrogen ). Cells were maintained at 37°C, 5% CO 2 and transfected using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions.
Inositol phosphate accumulation. TG neurons (cultured and grown for 5 d in 24 well plates) were labeled with 2 Ci/ml [ 3 H]-myo-inositol (25 Ci/mmol; PerkinElmer) for 24 h at 37°C before experimentation. Bradykinin (BK)-mediated inositol phosphate (IP) accumulation was measured as described previously (Rowan et al., 2010) . Data are expressed as mean (Ϯ SEM) accumulation of total IPs (in disintegrations per minute).
Crude plasma membrane preparation. Cultured TG neurons and CHO cells were homogenized by 20 strokes in a Potter-Elvehjem homogenizer in hypotonic homogenization buffer (25 mM HEPES, 25 mM sucrose, 1.5 mM MgCl 2 , 50 mM NaCl, pH 7.2) with peptidase/protease inhibitors aprotinin (1 g/ml, Sigma-Aldrich), leupeptin (1 g/ml, SigmaAldrich), pepstatin (1 g/ml, Sigma-Aldrich), and phenylmethylsulphonyl fluoride (PMSF) (100 nM; Sigma-Aldrich). Cell extract was incubated on ice for 15 min and then centrifuged at 1000 ϫ g for 1 min at 4°C to remove nuclei and unlysed cells from homogenate. The resulting supernatant was centrifuged at 16,000 ϫ g for 30 min at 4°C, separating cytosolic proteins from cell membrane proteins. The pellet (crude plasma membrane fraction) was then resuspended in 250 l of homogenization buffer containing 1% Triton (Fisher Scientific).
Immunoprecipitation and Western blot analysis. For each experimental condition, cells were treated with the indicated compounds and harvested for crude plasma membrane proteins, as described above. Protein quantification of crude plasma membrane homogenates was completed using the Bradford method (Bradford, 1976) as recommended by the manufacturer (Sigma-Aldrich). Following protein quantification, crude plasma membrane homogenates (200 g) were immunoprecipitated with 1 g of anti-TRPV1 (R-130, Santa Cruz Biotechnology). Next, immunoprecipitates were resolved via 12.5% SDS-polyacrylamide, and transferred to polyvinyl difluoride membrane (Millipore). Western blots were blocked in 5% nonfat milk in Tris-buffered saline/Tween 20 (Fisher Scientific) and visualized using anti-AKAP150 (R-300, Santa Cruz Biotechnology) or anti-TRPV1 (R-130), followed by appropriate horseradish peroxidase-conjugated secondary antisera (GE Healthcare) and enhanced chemiluminescence detection following manufacturer's instructions (GE Healthcare). Western blotting was also performed on 25 g aliquots of crude plasma membrane homogenates with AKAP150 antibody (R-300) and ␤1-integrin-specific antibody (M-106, Santa Cruz Biotechnology). Densitometry measurements were determined using NIH Image 1.62, with reported pixel density ϭ [(band of interest density) Ϫ (lane background density)]/[(normalizing band) Ϫ (lane background density)]. Densitometry measurements were analyzed for significance by one-way ANOVA, with Bonferroni post hoc correction as needed (**p Ͻ 0.01, ***p Ͻ 0.001). IgG controls for antibodies used in these studies were performed previously (Jeske et al., 2009) .
Confocal immunocytochemistry. Cultured TG neurons and CHO cells were grown on poly-D-lysine-coated coverslips (BD Biosciences) in normal media. Following indicated treatments (see Fig. 1 , TG neurons) or transfection of exogenous cDNAs (see Fig. 2 , CHO cells), coverslips were rinsed with PBS and fixed with 4% paraformaldehyde in phosphate buffer for 20 min at 25°C. Following fixation, coverslips were rinsed twice with PBS, and incubated with a blocking solution consisting of 4% normal goat serum (Sigma-Aldrich), 2% bovine gamma globulin (SigmaAldrich), and 0.3% Triton X-100 (Fisher Scientific) in PBS for 60 min at 25°C. TG coverslips were then incubated with antisera directed specifically toward AKAP150 (1:500; Millipore) and TRPV1 (1:2000; Neuromics) overnight at 25°C. Coverslips were then rinsed three times in PBS and incubated with species-specific Alexa Fluor 488 and 633 goat secondary antibodies (1:100; Invitrogen) for 60 min at 25°C. For green fluorescent protein (GFP) studies, CHO cells were processed as above, except that they were incubated with GFP antibody (1:250; Millipore) and Alexa Fluor 488 secondary antibody. Coverslips with cells were rinsed in PBS, then double-distilled H 2 O, dried, and coverslipped with either Vectashield (TG cells) or Vectashield with DAPI (CHO cells; both from Vector Laboratories). Stained cells were evaluated with a Nikon Eclipse 90i C1si laser scanning confocal microscope and digital images were acquired with a 40ϫ/1.30 numerical aperture (NA) oil-immersion objective. Control preparations were processed as described above, but lacked application of primary and/or secondary antibodies. Control preparations lacked specific immunofluorescence when viewed with the same laser gain settings used to obtain images of experimental preparations (data not shown).
PKC activity assay. PKC kinase activity in primary TG cultures was determined following manufacturer's published protocols (CycLex PKC Super Family Kinase Assay Kit, MBL International Corporation). Absorbance values determined at 450 nm for each sample were normalized to individual protein quantifications for each sample (Bradford assay) , and reported as PKC activity (normalized absorption at 450 nm). Each sample was read in duplicate, and an n value of 6 per treatment paradigm was used to determine statistical significance by one-way ANOVA with ad hoc Bonferroni correction.
Calcium imaging. TG neurons were isolated from male AKAP150
ϩ/ϩ and AKAP150 Ϫ/Ϫ mice, originally created and characterized in the laboratory of John D. Scott (University of Washington, Seattle, WA) (Tunquist et al., 2008) . CHO cells were transfected as outlined above (see Tissue culture) with pEGFP-N1 (Clontech; to identify transfected cells) and cDNA vectors containing inserts corresponding to rat TRPV1 (generously provided by David Julius, UCSF, San Francisco, CA), rat AKAP150 wt (generously provided by John D. Scott, University of Washington, Seattle, WA), phosphoinositide-5-kinase (PI5-K), PIP 2 -phosphatase (PIP-2-P), and GFP-pleckstrin homology domain (GFP-PHD) (generously provided by Mark S. Shapiro, University of Texas Health Science Center, San Antonio, San Antonio, TX). To measure intracellular [Ca 2ϩ ] levels, fura-2 AM (2 M; Invitrogen) was loaded for 30 min at 37°C into cells in the presence of 0.05% Pluronic (Calbiochem). Fluorescence was detected with a Nikon Eclipse TE 2000-U microscope fitted with a 20ϫ/0.8 NA Fluor objective. Fluorescence images from 340 and 380 nm excitation wavelengths were collected and analyzed with MetaFluor Software (MetaMorph, Universal Imaging, a subsidiary of Molecular Devices). Net change in Ca 2ϩ (⌬F340/380) was calculated by subtracting basal F340/380 Ca 2ϩ (mean value collected for a minimum of 60 s before agonist addition) from peak F340/380 Ca 2ϩ achieved after exposure to capsaicin. For each transfection/treatment group, 23-95 cells were imaged (respectively indicated in each figure). Data were analyzed by one-way ANOVA analysis, with Bonferroni post hoc correction as needed (*p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001).
Electrophysiology. TG neurons were isolated just as for the calcium imaging experiments. All recordings were made at 22-24°C from smallto-medium sized (20 -35 pF) neurons in a whole-cell voltage-clamp configuration at a holding potential (V h ) of Ϫ60 mV. Recordings and the following analysis were performed using an Axopatch 200B amplifier and pCLAMP9.0 software (Molecular Devices). Data were filtered at 0.5 kHz and samples at 2 kHz. Borosilicate pipettes (Sutter) were polished to resistances of 3-5 MW in perforated patch pipette solution. If necessary, access resistance (R s ) was compensated for by 40 -80% to 8 -10 MW.
All recordings are made in the presence of 2 mM Ca 2ϩ in external solution. Standard external solution contained the following (in mM): 140 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 D-glucose, and 10 HEPES, pH 7.4. The pipette solution consisted of the following (in mM): 140 KCl, 4 NaCl, 1 MgCl 2 , 1 CaCl 2 , 10 EGTA, 10 HEPES, pH 7.3, 0.2 GTP-Na, and 2.5 ATP-Mg 2 (Sigma). Vehicle (Veh) (0.1% EtOH) or 8-Br-cAMP (8-Br) (10 M) was applied for 5 min before capsaicin (CAP) application (100 nM). diC8-PIP 2 (50 M) (Li et al., 2005) was included in the pipette solution and dialyzed into neurons for 5 min, during 8-BrcAMP application, as indicated. Drugs were applied using a computer-controlled, pressuredriven eight channel system (ValveLink8; AutoMate Scientific). Data were analyzed by one-way ANOVA (***p Ͻ 0.001).
Results
Studies into the role of PLC in TRPV1 activation have yielded dichotomous conclusions. To determine whether AKAP150 is involved, we first sought to identify an activator of PLC in TG neurons. The PLC activator m-3m3FBS was previously characterized as an in vivo activator of PLC in a behavioral model of nociception (Schmidt et al., 2009) . In non-serum-starved, cultured TG neurons, m-3m3FBS significantly increased PLC activation over vehicle treatment (1733 Ϯ 105 dpm), as measured by IP accumulation (Fig. 1A ) (one-way ANOVA, post hoc Bonferroni correction, p Ͻ 0.001). Further, PLC activation following m-3m3FBS treatment (2385 Ϯ 56 dpm) was similar to that following BK treatment (2728 Ϯ 108 dpm) of TG neurons. Next, we probed for immunocytochemical AKAP150 expression profiles in TRPV1-positive TG neurons following vehicle and m-3m3FBS treatment (Fig. 1B) . We found that AKAP150 is predominantly expressed at the plasma membrane, upon which m-3m3FBS-stimulated PLC activation releases the scaffolding protein from its plasma membrane anchorage, in agreement with Dell'Acqua et al. (1998) . The PLC inhibitor U73122 partially inhibited the effects of m-3m3FBS, as evidenced by the focused expression of AKAP150 at the plasma membrane in cotreated neurons. Results from coimmunoprecipitation studies in Figure 1 , C and D, indicate that there is a significant increase in TRPV1 association with AKAP150 (TRPV1:AKAP150) following either m-3m3FBS (179.1 Ϯ 12.3%, p Ͻ 0.01) or BK treatment (216.9 Ϯ 7.4%, p Ͻ 0.001) PLC activation is known to activate several PKC isozymes, including ␣, ␤1, ␤2, and ␥, through IP 3 -mediated Ca 2ϩ release from intracellular stores and diacylglycerol generation. Previous results have demonstrated that PKC activation reduces AKAP150 expression in heterogeneous particulate fractions (Dell'Acqua et al., 1998), so we investigated the sensitivity of the PLC effect on PKC inhibition by GF109203X (GFX). As shown in Figure 1 , E and F, PKC inhibition by GFX pretreatment before PLC activation by m-3m3FBS did not alter the increased association of AKAP150 and TRPV1 in crude plasma membrane homogenates of cultured TG neurons (161.4 Ϯ 6.4% Veh/3-m3mFBS vs 150.9 Ϯ 7.5% GFX/m-3m3FBS, one-way ANOVA, Bonferroni post hoc correction). Furthermore, neither m-3m3FBS nor bradykinin stimulated PKC activity to the same extent as the phorbol ester phorbol dibutyrate (PDBu) in TG cultures (Fig. 1G) , suggesting that the PLC-mediated increase in AKAP150 association with TRPV1 in TG neurons is not dependent upon PKC activity.
Next, we used an expression system that influences endogenous levels of PIP 2 through the transfection of CHO cells with cDNA transcripts encoding for the enzymes PI5-K (increases PIP 2 ) and PIP-2-P (decreases PIP 2 ) (Li et al., 2005) . Using a GFP reporter that contains a pleckstrin homology domain (GFP-PHD), we monitored PIP 2 content by observing GFP-PHD translocation from the plasma membrane to the cytosol following PIP 2 hydrolysis (Hirose et al., 1999) . As shown in Figure 2 A, the coexpression of PI5-K results in the localized expression of the GFP-PHD reporter to the plasma membrane of transfected cells, while PIP-2-P coexpression results in the translocation of the reporter to the cytosol, confirming expected results from the transfection of PI5-K and PIP-2-P in this model system. When cotransfected with TRPV1 and AKAP150 (alone, 100.7 Ϯ 2.3%), PI5-K effectively decreases TRPV1 association with AKAP150 (56.4 Ϯ 4.8%) in plasma membrane homogenates, while PIP-2-P increases association (140.2 Ϯ 8.1%) (Fig. 2 B, C) . Together, the manipulation of PIP 2 content in the CHO model system through the coexpression of PI5-K or PIP-2-P has significant effects on TRPV1:AKAP150 association. Prescott and Julius (2003) reported significant inhibitory effects of PIP 2 on TRPV1 activity in receptor-expressing oocytes, suggesting that the phosphoinositide directly interacted with and affected TRPV1 activity (Prescott and Julius, 2003) . Given the nature of AKAP150 movement following PLC activation (Fig. 1) , and the modulatory properties that the scaffolding protein has on TRPV1 activity (Jeske et al., 2008 (Jeske et al., , 2009 Schnizler et al., 2008; Zhang et al., 2008) , we sought to determine whether the effects of PIP 2 degradation on TRPV1 activity were more indirectly linked to AKAP150 association with TRPV1. In Figure 3 , CHO cells were transfected with TRPV1 and either PI5-K or PIP-2-P, or TRPV1 and AKAP150 with either PI5-K or PIP-2-P, to measure capsaicin-stimulated TRPV1 activity by real-time calcium imaging following 8-Br-cAMP pretreatment. Neither PI5-K nor PIP-2-P coexpression with TRPV1 alone yielded significant changes in TRPV1 activation by capsaicin with or without 8-Br-cAMP pretreatment (Fig. 3 A, C, E, G) . However, in cells expressing both TRPV1 and AKAP150, PIP-2-P coexpression yielded significantly greater responses in both capsaicin and 8-Br-cAMPsensitized capsaicin-treated cells over those coexpressing TRPV1 and AKAP150 alone (Fig. 3 B, F,H ) . Furthermore, PI5-K coexpression was unable to significantly affect 8-Br-cAMP-sensitized capsaicin responses in TRPV1-and AKAP150-expressing cells over those expressing only TRPV1 and AKAP150 alone (Fig.  3 B, D,H ) . These results indicate that TRPV1 modulation by PIP 2 requires AKAP150.
We next wanted to confirm the results from our heterologous CHO model system using cultured TG neurons isolated from AKAP150 ϩ/ϩ and AKAP150 Ϫ/Ϫ mice. As shown in Figure 4 A, the pretreatment of cultured AKAP150 ϩ/ϩ neurons with the PLC activator m-3m3FBS resulted in the sensitization of CAPinduced calcium accumulation, similar to the CAP response following pretreatment with the PKA activator 8-Br. To discern whether the PLC effect was solely due to AKAP150, we repeated the experiment in AKAP150 Ϫ/Ϫ neurons, upon which both PLCand PKA-directed sensitization of CAP-mediated calcium accumulation was abolished (Fig. 4 B) . The quantified results of these studies, as illustrated in Figure 4C Whole-cell electrophysiology was used to measure changes in TRPV1 activity at the plasma membrane following 5 min dialysis of the water-soluble phosphoinositide diC8-PIP 2 into cells by including it in the pipette solution (Li et al., 2005) . TG neurons were cultured and treated with the PKA activator 8-Br (10 M) alone or with diC8-PIP 2 (PIP 2 , 50 M) and 8-Br-cAMP for 5 min before capsaicin application. In Figure 5 , PIP 2 application blocked 8-Br-mediated sensitization of TRPV1 in neurons isolated from AKAP150 ϩ/ϩ mice, but had no effect in neurons cultured from AKAP150 Ϫ/Ϫ mice. In Figure 6 , we used inhibitors of PKA (H-89) and PKC (GFX) to determine whether PLC stimulation following m-3m3FBS led to additive or superadditive effects of the kinases upon TRPV1. In Figure 6 , A and B, the sensitizing effect of 8-Br on TRPV1 activity was significantly increased with the cotreatment of m-3m3FBS. PKA inhibition by H-89 completely blocked 8-Br sensitization of TRPV1 and also reduced TRPV1 sensitization by m-3m3FBS. However, since this reduction was not complete abrogation, we determined that either PLC activation by m-3m3FBS could be indirectly activating PKC (Cesare et al., 1999) to phosphorylate and sensitize TRPV1, or the PLC-mediated increase in AKAP150 association with TRPV1 could direct increased PKC phosphorylation and sensitization of TRPV1 (Jeske et al., 2009) . Therefore, we repeated the experiment with PDBu (PKC activator) and GFX (PKC inhibitor). PKC inhibition by GFX reduced m-3m3FBS-induced sensitization of TRPV1 when compared with Veh/m3m3FBS; however, it did not completely block the effect of PLC activation (Fig. 6C,D) . Together, results indicate that PLC activation allows for increased PKC-and PKA-mediated sensitization of TRPV1, likely through increased association of AKAP150 with TRPV1.
Discussion
The role of the scaffolding protein AKAP150 in TRPV1 phosphorylation has been characterized in multiple models (Rathee et ., 2002; Jeske et al., 2008 Jeske et al., , 2009 Schnizler et al., 2008; . However, the potential role of AKAP150 in the posttranslational regulation of TRPV1 by PIP 2 has not been studied. Employing both immortalized CHO cell cultures and primary TG neuronal cultures, experimental results indicate that PLC activation releases PIP 2 -anchored AKAP150 to associate with TRPV1 and thereby modulate its phosphorylation and sensitization by PKA and PKC. Experimental results indicate that PIP 2 -directed modulation of TRPV1 activity requires AKAP150 coexpression in both heterologous cells and neuronal cultures. Additionally, the exogenous application of PIP 2 reduces CAP sensitivity only in TG neurons isolated from AKAP150 ϩ/ϩ mice, and not from AKAP150 Ϫ/Ϫ mice. Together, our results indicate that PLC-mediated sensitization of TRPV1 activity is AKAP150 dependent, as depicted in Figure 7 .
Phosphoinositides such as PIP 2 regulate numerous ion channels, including multiple isoforms of inwardly rectifying potassium channels (for review, see Logothetis et al., 2010) , P2X 2/3 Figure7. ModelofPLC-stimulatedAKAP150associationwithTRPV1.A,Innascentcells,AKAP150 is localized to PIP 2 -rich areas of the plasma membrane. When PLC is activated, PIP 2 is degraded, releasing AKAP150 from its plasma membrane anchorage, from where it can associate with target substrate proteins, including TRPV1. B, Following association with TRPV1, AKAP150 then scaffolds PKC and PKC to phosphorylate TRPV1, effectively sensitizing the receptor. Ϫ/Ϫ neurons. TG neurons were isolated and cultured from AKAP150 ϩ/ϩ and AKAP150 Ϫ/Ϫ mice, and were treated with either 8-Br (10 M)or8-BranddiC8-PIP 2 (PIP 2 ,50M) for 5 min before CAP application (100 nM). A, Sample traces of inward currents taken from AKAP150 ϩ/ϩ neurons following indicated treatments. B, Sample traces of inward currents taken from AKAP150 Ϫ/Ϫ neurons following indicated treatments. C, Quantification of cumulative currents induced by CAP (I CAP ); data are reported as mean Ϯ SEM, n values are shown for each treatment/genotype paradigm. Significance was determined by one-way ANOVA with Bonferroni correction: *p Ͻ 0.05. (Mo et al., 2009) , and the epithelial sodium channel (Kunzelmann et al., 2005) . For TRPV1, the effect of PIP 2 on receptor/ channel activity is less clear, in that the phosphoinositide demonstrates direct and indirect effects on increasing and/or decreasing channel activity. Studies by Prescott and Julius (2003) detail an inhibitory role for PIP 2 on TRPV1 activation by pH and heat through the direct association of the phosphoinositide with a modulatory binding motif in the C terminus. However, other groups have demonstrated sensitization of TRPV1 activity following the exposure of excised patches to PIP 2 (Stein et al., 2006; Lukacs et al., 2007) . Liu et al. (2005) reported that the recovery of TRPV1 from pharmacological desensitization is prevented by PIP 2 depletion, although only in whole-cell preparations. In agreement with this, others have also reported an activating effect of PIP 2 binding to the C-terminal end of TRPV1 in response to heat activation when chimerically linked to TRPM8 (Brauchi et al., 2007 ). Yet, the apparent ambiguity may simply be due to the lack of knowledge on indirect signaling events that may extend from PIP 2 to TRPV1 through AKAP150.
One major focus of the present study was to determine whether dynamic changes in cellular PIP 2 significantly affect AKAP150 association with and sensitization of TRPV1 in the whole-cell environment. Previous reports demonstrate the importance of phosphorylation on TRPV1 activity; namely, through PKA-and PKC-mediated signaling transduction pathways (Premkumar and Ahern, 2000; Bhave et al., 2002 Bhave et al., , 2003 Bonnington and McNaughton, 2003; Mohapatra and Nau, 2003; Mandadi et al., 2004; Moriyama et al., 2005) . Since TRPV1 phosphorylation by these kinases is governed by AKAP150, signaling pathways that control dynamic AKAP150 association with TRPV1 also bear investigation. According to TRPV1 homology structure models, there is a low probability that direct association between the C terminus of the receptor and PIP 2 occurs, due to charge differences among interacting amino acids (Brauchi et al., 2007) . Studies on receptor-mediated PLC activation indicate that the effects of PIP 2 on TRPV1 are largely indirect in nature (Chuang et al., 2001; Zhang et al., 2005) . This concept is demonstrated by Kim et al. (2008) , reporting that the membrane protein Pirt1 mediates TRPV1 sensitivity to phosphoinositides in DRG neurons, although recent reports show no FRET between Pirt and TRPV1 in a homologous cell model (Ufret-Vincenty et al., 2011) . Together, PIP 2 modulation of TRPV1 requires contribution from indirect signaling pathways to yield full effect.
The presence of PIP 2 in these studies is as important as the absence of the phosphoinositide. Results from Figures 5 and 6 indicate that the stimulation of PKA in cultured TG neurons results in TRPV1 sensitization. However, the electrophysiological preparation employs whole-cell dialysis, a method that results in the wash-out of PIP 2 , while the calcium imaging method uses intact cultured neurons. It should be noted that the effect of the wash-out was evident, given that the increase in TRPV1 activation by CAP following whole-cell dialysis was 2.69-fold following PKA activation, compared with 1.70-fold for the intact calcium imaging preparation. The extended wash-out removed available PIP 2 from the cell, releasing AKAP150 from its plasma membrane anchorage to associate with and drive PKA phosphorylation of TRPV1. In contrast, the cellular environment tested throughout calcium imaging experiments likely contained resting amounts of PIP 2 , resulting in the retainment of AKAP150 in the plasma membrane, retarding maximal phosphorylation of TRPV1 by PKA. Importantly, both experimental methods demonstrate PKA sensitization of TRPV1 and identify AKAP150 as the scaffolding molecule that mediates the effects of PIP 2 on TRPV1.
In 2008, Zhang and McNaughton reported on a cellpermeable peptide corresponding to amino acids 736 -749 of the human TRPV1 C-terminal sequence that was capable of preventing the association of TRPV1 and AKAP79 (human ortholog of AKAP150) in transfected cells. Interestingly, this sequence overlaps with a C-terminal amino acid sequence shared in both TRPV1 and TRPM8 (amino acids 742-753, TRPV1; amino acids 1044 -1055, TRPM8). Since both TRPM8 and TRPV1 demonstrate sensitivity to PIP 2 , it is possible that indirect phosphoinositide effects on these two TRP receptors are driven by their association with AKAP79/150 (Brauchi et al., 2006) . Indeed, TRPM8 associates with AKAP79 when overexpressed in an HEK 293 cell model . Therefore, it is possible that TRPM8 may also require AKAP150 to be modulated by PIP 2 .
In Figure 7 , the activation of PLC by m-3m3FBS results in the production of PIP 2 degradation products IP 3 and DAG, both of which stimulate the activation of PKC (Irvine, 1992; Nishizuka, 1995) . Interestingly, in Figure 1 PKC activity in cultured TG were unaffected by m-3m3FBS and bradykinin treatment conditions that elicited significant PLC activation. Given the data that support a role for PKC in regulating AKAP150 association with the plasma membrane in HEK293 cells (Dell'Acqua et al., 1998) , similar results were expected in studies presented herein. Indeed, a previous study using trigeminal neurons found PLC to elicit PKC activation following 15 min of PAR-2 receptor agonist treatment . However, drug treatments in this study were applied for a shorter time period (5 min), perhaps not providing the amount of time needed for PLC to stimulate PKC. It is possible, however, that calcium imaging studies presented here detected this increase in PKC activity, revealing increased TRPV1 receptor-mediated calcium accumulation over several minutes following the initial m-3m3FBS distribution. Importantly, we have provided support for the hypothesis that PLC, and not PKC, provides enough enzymatic activity on its own to stimulate AKAP150 release from the plasma membrane.
In summary, the results presented herein identify AKAP150 as a mediator of PIP 2 effects on TRPV1. Anchorage of the AKAP150 scaffolding protein to PIP 2 in the plasma membrane is dissolved following receptor-mediated PLC activation, so that AKAP150 is free to associate with TRPV1 and mediate PKA-and/or PKCdirected phosphorylation and sensitization of the receptor. This previously undescribed mechanism could account for many of the feedforward hyperalgesia symptoms associated with peripheral inflammation.
